the 2D square lattice in the ground plane is shown in Figure 2 . For all the periodic structures, the S-parameter characteristics show almost identical behavior, as compared with those of the circular patterns.
INTRODUCTION
Planar inverted-F antennas (PIFAs) are attractive for internal mobile-phone antenna applications, and a variety of related designs have been demonstrated [1] . These designs, however, are mainly for applications in bar-type mobile phones. For folder-type or clamshell mobile phones, which are usually equipped with a large display and are becoming very attractive for wireless users, relatively very few internal PIFA designs have been reported in the open literature [2] [3] [4] [5] . The reported internal PIFA designs are mainly studied in the standalone condition. The effects of the nearby associated elements such as the RF-shielding metal case on 
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Variation of stop-band center frequency with dielectric constant for A ϭ 157 mm the internal PIFA have not been discussed. This condition does not conform to practical applications, in which the RF-shielding metal case is always present and will introduce some coupling effects to the performances of the antenna. In order to reduce these coupling effects, an isolation distance of about or larger than 7 mm between the internal antenna and the shielding metal case is usually required.
In this paper, we propose a novel internal PIFA design integrated with an RF-shielding metal case for mobile-phone application, especially for clamshell mobile phones. The integrated PIFA has a bent and tapered radiating arm in order to easily fit in the casing of the clamshell mobile phone as an internal antenna, and is short-circuited to the RF shielding metal case. That is, the shielding metal case not only serves as a coupling-free space for the RF module, battery, and other associated elements, but also performs as the ground plane of the internal PIFA. In this case, the design consideration with regard to the isolation distance between the internal antenna and the associated elements in the mobile phone is no longer necessary. The proposed integrated PIFA can also provide a wide operating bandwidth for UMTS (Universal Mobile Telecommunication System, 1920 -2170 MHz) operation. In addition, for the clamshell mobile phone either in the talk or standby condition, only a small effect on the operating bandwidth of the integrated PIFA is also obtained. The details of the proposed integrated PIFA are described, and the experimental results of the constructed prototype are presented. Figure 1 shows the configuration of the proposed integrated internal PIFA for a UMTS clamshell mobile phone in the talk condition. Note that there are one bottom ground and one upper ground for the clamshell mobile phone. The upper ground, functioning as the cover of the mobile phone, usually accommodates the loudspeaker and the LCD display. The bottom ground usually accommodates the microphone and the keypad. In this study, the bottom and upper grounds are connected by a conducting strip which, for practical cases, is usually a flexible printed circuit board (FPCB). The angle ␣ indicates the inclination of the cover to the axis of the mobile phone and, normally, the angle ␣ is in a range of 15°to 35°f or the talk condition. A design example of the clamshell mobile phone in the standby condition (␣ ϭ 180°) with the proposed integrated PIFA is shown in Figure 2 .
ANTENNA DESIGN
Note that in the design example studied here, the proposed integrated PIFA is mounted at the bottom end of the bottom ground. In addition, the length of the upper ground is selected to be smaller than that of the bottom ground (70 versus 87 mm). In this case, when the clamshell mobile phone is in the stand-by condition (see Fig. 2 ), the upper ground does not cover the bottom ground completely, which can greatly reduce the effect of the upper ground on the impedance matching of the proposed integrated PIFA. Thus, no matter when the clamshell mobile phone is in either the talk or standby condition, the operating bandwidth of the proposed integrated PIFA will be about the same.
The proposed integrated PIFA comprises a tapered radiating arm, a feeding strip, and a shorting strip. The tapered radiating arm is bent into an L shape (see the side view in Fig. 1 ) in order to achieve a compact structure and supports a resonant path of about 36 mm, which is close to about a quarter-wavelength at 2045 MHz (the center frequency of the UMTS band). The shorting strip is connected to the RF-shielding metal case at point C such that the PIFA is integrated with the shielding metal case. The feeding strip has a feed gap of 1 mm to the shielding metal case. For testing the PIFA in this study, a 50⍀ mini coaxial line is used, with its central conductor connected to point A at the feeding strip and its outer grounding sheath connected to point B at the shielding metal case. Mainly due to the tapering in the radiating arm of the PIFA, good impedance matching over a wide bandwidth covering the UMTS band can be obtained in this study.
Also note that the integrated PIFA and the shielding metal case are both made using a 0.2-mm copper plate placed at the bottom end of the bottom ground, with a small portion (5 mm in length) of the bottom ground facing the integrated PIFA. This small portion can help in reducing the effect of the upper ground on the impedance matching of the proposed PIFA, when the clamshell mobile phone is in the standby condition.
EXPERIMENTAL RESULTS AND DISCUSSION
The proposed design was constructed and tested. Figure 3(a) shows the measured and simulated return losses for the constructed prototype with ␣ ϭ 15°. The simulation results are obtained using the Ansoft simulation software HFSS (High-Frequency Structure Simulator) [6] , and good agreement between the measured and simulated return losses is observed. The measured impedance bandwidth defined by 2.5:1 VSWR, which is generally accepted Figure 3(b) shows the measured return loss for the three possible talk conditions with ␣ ϭ 15°, 25°, and 35°and the standby condition with ␣ ϭ 180°. It is seen that for all conditions, the impedance matching for the antenna is about the same, and the obtained bandwidth remains almost the same. This characteristic makes the proposed PIFA very attractive for clamshell mobilephone applications because, whether in the talk or the standby condition, the clamshell mobile phone can maintain good antenna performance for communications. Figure 4 shows the measured radiation patterns at 2045 MHz for the condition with ␣ ϭ 15°. Results for other talk conditions with ␣ ϭ 25°and 35°were also measured, and no special distinction in the measured radiation patterns were observed. In addition, other operating frequencies across the UMTS band were also measured and showed radiation patterns similar to those plotted here. The measured antenna gain for the proposed PIFA with ␣ ϭ 15°is presented in Figure 5 . An antenna gain level of about 3.7 dBi over the UMTS band is obtained.
CONCLUSION
A novel integrated internal PIFA for UMTS operation in a clamshell mobile phone has been proposed, constructed, and tested. The proposed internal PIFA is integrated with the RF shielding metal box, which leads to a compact arrangement between the internal antenna and the associated elements in the mobile phone. The experimental results have indicated that the obtained operating bandwidth is nearly the same as that for the clamshell mobile phone in the talk or standby conditions. Good radiation characteristics of the integrated internal PIFA have also been observed. 
